Focusing light through turbid media presents a highly fascinating challenge in modern biophotonics. The unique capability of optoacoustics for high resolution imaging of light absorption contrast in deep tissues can provide a natural and efficient feedback to control light delivery in scattering medium. While basic feasibility of using optoacoustic readings as a feedback mechanism for wavefront shaping has been recently reported, the suggested approaches may require long acquisition times making them challenging to be translated into realistic tissue environments. In an attempt to significantly accelerate dynamic wavefront shaping capabilities, we present here a feedback-based approach using real-time three-dimensional optoacoustic imaging assisted with genetic-algorithm-based optimization. The new technique offers robust performance in the presence of noisy measurements and can simultaneously control the scattered wave field in an entire volumetric region.
Photons with energies within the visible and nearinfrared range provide useful means for imaging and sensing the chemical and microstructural composition of matter [1] . Imaging with light is however often hampered by scattering in nanoscale structures exhibiting heterogeneities in the optical refractive index [2] . Of particular relevance is biological and medical imaging, where optical techniques can arguably offer the most diverse set of tools for interrogation of living tissues [3] , yet suffer from severe performance degradation due to strong scattering at depths beyond a few hundred microns [4] . To this end, the feasibility of focusing light through strongly scattering media has been demonstrated by means of wavefront shaping techniques [5] , which spatially modulate the phase of the incident wavefront in order to create positive interference at a specific location in the speckle pattern of the scattered wavefield. Exploiting this effect for real imaging applications implies, on the one hand, focusing light within the scattering sample and, on the other hand, probing light delivery to the desired location from outside the diffuse object. As light undergoes scattering while traveling through the object, pure optical readings can only provide low spatial resolution information [4] , while the focusing capacity is further compromised due to the large number of optical modes (speckles) per unit volume [6] . A possible solution for improving the spatial resolution is to rely upon diffraction-limited ultrasonic resolution, which is not affected by light diffusion. One approach consists in ultrasonically tagging the light source at a given location within the scattering object and holographically recording the phase of the resulting wavefront from outside the object. This subsequently allows confining light within the focal area of the transducer by means of phase conjugation techniques [7] [8] [9] . Similarly, the combination between light and sound can be exploited via optoacoustic imaging [10] , which uses short-pulsed lasers to excite ultrasound responses within a sample by means of local absorption of light and nonradiative relaxation. As compared to other approaches, the latter method comes with important advantages for wavefront shaping as it does not require placement of additional detectors behind the imaged sample. The feasibility of using optoacoustic responses as a feedback mechanism for iteratively optimizing the brightness at a given location outside the scattering medium has been recently showcased [11, 12] . Furthermore, by measuring the complex linear relations between input and output optical modes, the optoacoustic transmission matrix approach allows more flexibility in controlling the wavefield shape in one or two dimensions [13, 14] . The most recent developments in optoacoustic imaging technology have enabled acquisition and rendering of three-dimensional images at a frame rate determined by the pulse repetition frequency of the laser [15, 16] . In this Letter, we demonstrate the feasibility of simultaneous control over volumetric light distribution through turbid media using real-time three-dimensional optoacoustic feedback.
The lay-out of the experimental system is depicted in Fig.1(a) . A frequency-doubled Q-switched Nd:YAG laser (Lab-190-30, Spectra-Physics) was used as light excitation source. The laser generates short pulses (∼6 ns duration) at a wavelength of 532 nm and a pulse repetition frequency of 15 Hz. The energy per pulse was set to approximately 4 mJ. The output beam was horizontally polarized by means of a half-wave plate and a polarizing beam splitter and further collimated with a telescopic beam expander. The beam is then reflected in a spatial light modulator (SLM, PLUTO-BB II, Holoeye Photonics AG) and subsequently focused through a ground glass diffuser (Thorlabs DG10-120). The speckle width w of the scattered beam is determined by the width of the illuminated area at the diffuser D as [17] being λ the laser wavelength and z the distance from the diffuser. The speckle pattern at a distance of approximately 35mm as imaged in a CCD sensor (IDS Imaging Development Systems GmbH, UI-2240SE-M-GL) is displayed in Fig.1(b) . The importance of the dimensions of the speckle is two-fold. On the one hand, the speckle width corresponds approximately to the width of the smallest achievable focus [18] and hence determines the maximum fluence that can be delivered at this spot.
On the other hand, each speckle grain represents an optical mode, and the intensity enhancement η that can be achieved by shaping the incident wavefront is given by [6] 
where N SLM is the number of controlled degrees of freedom (pixels in the SLM) and N modes is the number of optical modes contained within the volume that can be resolved in the wavefront shaping optimization procedure. In our case, the feedback mechanism for the optimization is provided with a three-dimensional optoacoustic imaging system consisting of a spherical matrix array of 256 piezoelectric elements covering a solid angle of 90
• , as described in detail elsewhere [19] . Each element has a central frequency of 4 MHz and -6 dB bandwidth of 100%, thus providing nearly isotropic optoacoustic resolution of approximately 200 mm around the center of the spherical tomographic acquisition geometry. A graphics processing unit (GPU) implementation of backprojection reconstruction allows reconstructing the optical absorption distribution in a volume of approximately 1 cm 3 at a faster speed than the time lapse between two laser pulses [20] , i.e. rendering three-dimensional optoacoustic images in real time. Those are then used to provide feedback for optimizing the wavefront shape on a per-pulse basis. In order to showcase the capability of wavefront shaping with this approach, an agar phantom was used containing sparsely distributed 200 µm-diameter absorbing microsphres (Cospheric BKPMS 180210). The spheres were positioned at an approximate distance of 35 mm from the diffuser, corresponding to a speckle grain size of 90 µm (Fig.1(c) ), i.e. in the range of the spatial resolution of the ultrasound array. The three-dimensional maximum intensity projections (MIP) views of the optoacoustic reconstructions of the phantom are shown in Fig. 2 .
In order to focus light on a given sphere (e.g. labeled A in the leftmost image in Fig.2 ), one may consider as cost function CF 1 the maximum of the optoacoustic image OA(r) in a volume of interest VOI A around the sphere, i.e.,
The value of the cost function CF 1 was then iteratively maximized by means of a genetic algorithm. As previously shown [21] , this particular type of algorithms is more robust to noise in comparison to other optimization techniques, such as the optoacoustic transmission matrix approach [13] . The SLM pixels were grouped to form a matrix array of 20×20 elements and the acquired optoacoustic signals were averaged 5 times to minimize the influence of the per-pulse energy oscillations. The time course of the optimization procedure is displayed in Fig. 2 , where also evolution of the cost function for all iterations is shown. Considering elongated speckles having a width of 90 µm, approximately 5 speckle grains (optical modes) are enclosed in each microsphere, which corresponds to a theoretically achievable light intensity enhancement of approximately 40. Speckle decorrelation during the experiment, noise, laser energy oscillations and imperfections of the SLM can however influence the maximum achievable enhancement [13] . In addition, this enhancement can be influenced by the initial speckle distribution at the target location. Wavefront shaping with three-dimensional feedback can be obviously exploited for more sophisticated control of the wavefield, e.g. by enhancing light intensity at several points at the same time, as demonstrated in the subsequent experiment with the same phantom. In this case, the objective was to simultaneously focus the light onto the spheres labeled B and C (Fig. 3(a) ), representing the three-dimensional view of the phantom for a constant value of the phase in the SLM pixels. Two volumes of interest VOI B and VOI C around these spheres were considered with two alternative cost functions CF 1 and CF 2 defined as
and
where k = max {OA(r)}| t=0 . The resulting images after 2500 iterations obtained with CF 2 and CF 3 are displayed in Figs. 3(b) and 3(c) , respectively, along with the evolution of the cost function during the optimization procedure. At least 4 fold increase in the optoacoustic signal intensity from the two spheres is observed for both cost functions, whereas the same signal amplitude from the spheres is further achieved when performing the optimization with CF 3 . This experiment illustrates the capability to simultaneously deliver a controlled amount of energy to specific locations in the volume by properly defining the cost function.
The results indicate the basic feasibility of controlling a scattered wavefield with optoacoustic resolution in an entire three-dimensional region. A number of significant challenges are to be considered before the ultimate goal of light intensity enhancement within highly scattering tissues, in particular living biological tissues, is achieved. The speckle grain size inside a scattering object is expected to progressively decrease to a value in the order of λ/2. This would inevitably increase the number of optical modes that are simultaneously captured within the resolution-limited voxel of the optoacoustic probe. To overcome this, the number of degrees of freedom in the spatial light modulator must be then increased accordingly for attaining significant signal enhancement. An alternative solution to reduce the number of optical modes contained in the imaged voxel could be sought by including absorbers with smaller dimensions in the region where light needs to be focused or improving instead the spatial resolution of the optoacoustic feedback by scaling up the detected ultrasonic spectrum. An additional limitation is the coherence of the laser beam used for the wavefront shaping, which conditions the effective depth within the scattering sample for which the interference can be produced. When considering imaging in living tissues, the light focusing capacity is further challenged by motion and consequent speckle decorrelation during the optimization procedure. Fast optimization in the millisecond range is thereby required for successful wavefront shaping. Although this capacity was not achieved yet with the current configuration that uses laser pulse repetition and SLM refresh rates in the order of tens of Hz, we believe that the overall three-dimensional feedback approach introduced in this work paves the way to successful application of fast wavefront shaping techniques.
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